Determination of the prosthetic group and titration of sulfhydryl group of ferredoxin-NADP+ oxidoreductase (FNR) from roots of radish (Raphanus sativus var acanthiformis cv Miyashige) confirmed its similarity to leaf-FNR. Antisera directed against radish root-FNR and leaf-FNR distinguished the enzyme forms from roots and leaves of radish as well as other flowering plants. The FNR isoenzymes showed organ-specific distributions. In horsetail (Equisetum arvense 1.) and cultured liverwort cells (Marchantia polymorpha), at least two FNR isoenzymes were distinguished by the antisera. FNR from Chlorella vulgaris reacted only with the anti-root-FNR antiserum. FNR from a cyanobacterium, Spirulina spp., failed to react with either antiserum.
In photosynthetic tissues, two enzymes functional in nitrogen metabolism, Fd-glutamate synthase and Fd-nitrite reductase, are located in chloroplasts. These enzymes require reduced Fd, which is generated by PSI. Early studies on nitrogen metabolism in roots were summarized by Oaks and Hirel(l985) . Fd-dependent enzymes of nitrogen assimilation have also been demonstrated in heterotrophic tissues by using an in vitro system supplemented with leaf Fd or viologen dyes. It has been concluded that the Fd-dependent enzymes are present in plastids of roots and nongreen cultured tobacco cells Sato, 1977a, 1977b; Oaks and Hirel, 1985) . In roots, the Fd required by the Fd-linked enzymes is reduced via FNR by NADPH, which appears to be generated by the pentose-phosphate pathway (Oji et al., 1985; Suzuki et al., 1985; Wada et al., 1986; Bowsher et al., 1989; Morigasaki et al., 1990b) .
Root Fds have been purified and characterized from radish; spinach, maize, and tomato (Wada et al., 1986; Kimata and Hase, 1989; Morigasaki et al., 1990a; Green et al., 1991) . The primary sequences of radish and maize root Fds (the latter was deduced from the cDNA) were determined and compared with those of leaf counterparts (Wada et al., 1989; Hase et al., 1991) . In these plants, the Fd isoproteins showed organ-specific distribution. Expression of Fd genes seems to be dependent upon the type of cells, the age, and the environmental conditions. FNR, showing the same distribution as Fd, was purified from radish (Raphanus sativus) and spinach roots and characterized (Morigasaki et al., 1990a (Morigasaki et al., , 1990b Morigasaki and Wada, 1991) . The root-FNRs resembled leaf-FNR in enzymic properties, absorption spectrum, and molecular mass, but differed in amino acid composition and amino-terminal sequence. The results indicate that root-and leaf-FNRs are distinct isoenzymes that are encoded by different genes. In this study we further characterize FNR isoenzymes from the different range of plant groups by using antisera raised against root-and leaf-FNRs from radish.
MATERIALS AND METHODS

Plant Materials
Radish plants (Raphanus sativus var acanthiformis cv Miyashige) were purchased from a farmer or a local market. 
Large-Scale Preparation of FNR from Radish Roots
About 580 kg of lower, white roots of radish were ground in a large homogenizer (200 L) for 5 min in 100-kg lots each with 200 g of Tris powder. Two hundred liters of distilled water was added to 600 L of the combined homogenates in a 1000-L pot and the diluted homogenate was processed with a Yabuta's squeezer. The crude extract (680 L) was adjusted to pH 7.9 with 520 g of Tris powder and diluted to 1300 L with distilled water. Wet DEAE-cellulose (10 L), equilibrated with 10 m~ Tris-HC1 buffer, pH 8.5, was added to the Plant Physiol. Vol. 103, 1993 resulting extract. The suspension was gently stirred for 10 min and allowed to remain for 30 min to allow the DEAEcellulose to settle. The decanted supernatant solution was further diluted to 2000 L with distilled water. Another batch of DEAE-cellulose (15 L) was added to the solution and the suspension was decanted, as described above. The decanted solution was discarded and the combined DEAE-cellulose (25 L) was packed into columns (6.4 X 100 cm). Proteins were eluted with 0.7 M NaCl in 30 mM Tris-HC1 buffer, pH 8.5. The eluate, with 11,200 units of FNR activity, was further purified by the conventional method (Morigasaki et al., 1990b) , except that the concentration of Tris-HC1 buffer was 30 mM. About 9 mg of FNR was obtained as the homogeneous state in SDS-PAGE showing a single band.
Preparation of Antisera against FNR lsoenzymes
Individual antisera against radish root-FNR and leaf-FNR were raised in rabbits. The homogenous root-FNR (0.35 mg) and leaf-FNR (0.29 mg) in 0.4 mL was thoroughly mixed with 0.4 mL of Freunds complete adjuvant and administered intradermally into rabbits four times (lst, 5th, 9th, and 16th d). The preimmune sera were taken from each rabbit before the immunization. On the 22nd d, rabbits were slaughtered and total blood was taken. The antisera were sedimented with 50% saturation of ammonium sulfate and the precipitate was dissolved in TBS (50 mM Tris-HC1 buffer, pH 7.5, containing 0.9% NaCl) and dialyzed against TBS. The dialysate was clarified by centrifugation and the supernatant fraction was stored at -8OOC until use.
lmmunotitration
Immunotitration was camed out essentially as described by Suzuki et al. (1982) . Antisera were mixed with 0.1 unit of the radish FNR isoenzymes in TBS. The mixed solution was incubated for 1 h at 25OC and then for 12 h at 4OC. After centrifugation, the supematant was used to assay for FNR activity (Fd-dependent Cyt c reduction activity). The antisera had no FNR activity.
SDS-PACE
SDS-PAGE (12.5% gel concentration) was carried out according to Laemmli (1970) . The gel was stained with Coomassie brilliant blue R-250 or subjected to immunoblot analysis. Dalton Mark VII-L (Sigma) was used as a molecular mass marker.
lmmunoblot Analysis
The transfer of proteins from the polyacrylamide gel to Clear Blot Membrane-p (Atto, Tokyo, Japan) was carried out at 1.5 to 2.0 mA cm-' for 2 h with Atto Holizeblot AE-6670 (semidry type), according to the supplier's manual. After transfer, the Membrane-p was reacted with protein A-conjugated horseradish peroxidase and then stained with 0.04% (w/v) 3,3'-diaminobenzidine tetrahydrochloride in TBS containing 0.012% H202 for 10 to 30 min, essentially according to Bumette (1981) .
Preparation of FNR Samples for an lmmunoblot Analysis
FNRs were partially purified from cultured liverwort cells, Chlorella cell-free extracts, and the leaf and root tissues of higher plants (pea, soybean, maize, and horsetail) by ammonium sulfate fractionation and Blue-Cellulofine, acco rding to Morigasaki et al. (1990b) with the following modificaíions. The concentration of Tris-HC1 buffer was 30 mM and the Blue-Cellulofine column was equilibrated with 30 mM TrisHCl buffer, pH 7.8, and 1 mM EDTA and eluted with 1.0 M NaCl in 30 mM Tris-HC1 buffer, pH 7.8, and 0.1 mM EDTA. The active FNR fraction was concentrated and desalted by ultrafiltration (Advantec Ultrafilter, UK 10 or Amicon Centriprep-10) and used for immunoblot analysis as a partially purified FNR. Specific activities of partially purified FNR samples from radish roots and leaves were 4.0 and 21.3 units mg-' of protein, respectively.
Before grinding, liverwort cells and horsetail tissues were pulverized in liquid nitrogen and silica sand with a wooden pestle in an earthenware mortar fitted with fine groovas. In the case of horsetail, the grinding buffer consisted of 100 mM Tris-borate buffer, pH 8.7, 1 mM EDTA, 0.03% (w/v) Triton X-100, 0.5 m~ PMSF, 20 mM diethyldithiocarbamic acid, and 1.5% (w/v) insoluble PVP; the buffer used for dissolvin;; the ammonium sulfate precipitate and for dialysis was Tris-borate buffer, pH 8.5, containing 1 mM EDTA. The horsetail dialysate was diluted with 2 vol of 1 mM EDTA before kieing applied to the Blue-Cellulofine column.
Dot-Blot Analysis
The amounts ranging from 0.2 to 0.003 units of the radish FNRs and FNR sample(s) used for immunoblot analysis were adsorbed in seven dots on a wet Clear Blot Membrarie-p. Two sets of the membrane were prepared and dried. The dots on the membrane reacted with each antiserum as described above.
Other Proteins
FNRs from radish leaves and Spirulina were purified by ammonium sulfate fractionation, anion-exchange chromatography, and two different affinity chromatographies to the homogeneous state in SDS-PAGE, as described by Morigasaki et al. (1990b) , except that the concentration of Tris-HC1 buffers was 30 m~. Conventional methods were usetl to purify Fd from Spirulina spp. (Matsubara and Wada, 1!)88) and Cyt c from bovine heart (Hagihara et al., 1958) .
Assay for FNR Activity
FNR was assayed by the Fd-dependent Cyt c reduction assay as described by Morigasaki et al. (1990b) , except that the buffer was 50 m~ Tris-HC1 buffer, pH 7.8. One unit of activity is defined as the amount of enzyme that can redluce 1 pmol of Cyt c per min.
Determination of Flavin
Dissociation of flavin from radish root-FNR was carried out by the CaCI2 extraction according to Bookjans et al. (1978) . The absorption maxima at 264, 382, and 450 nm were typical of a flavin. Flavin was also dissociated with 2.5% cold TCA in the dark (Koziol, 1971) . After centrifugation, the supernatant was adjusted to pH 7 with 1 N NaOH. The absorption maxima were at 263, 375, and 450 nm. The extracted flavin was further extracted with the same volume of phenol. The phenol phase was mixed with 0.5 mL of distilled water and 8 mL of ether. The aqueous phase, containing the flavin, was subjected to paper chromatography as described by Solomonson et al. (1975) except for the use of Toyo filter paper 50. The content of flavin was calculated using a millimolar extinction coefficient of 11.3 at 450 nm (Koziol, 1971) .
Measurement of Sulfhydryl Groups in Root-FNR
The measurement of sulfhydryl groups in root-FNR was carried out by the method of Yao et al. (1985) . Radish root-FNR was denatured by the addition of 6 M guanidine-HC1 solution to give a final concentration of 3 M and was carboxymethylated in the presence or absence of 1 mM 2-mercaptoethanol (Crestfield et al., 1963) . The carboxymethylated FNR was hydrolyzed at 110OC for 24 h in the evacuated and sealed tubes and then the S-carboxymethylated Cys was determined by an automatic amino acid analyzer (Hitachi L-8500).
Reagents
Biochemicals were purchased from Sigma, Nacalai Tesque, Inc. (Kyoto, Japan), Wako Pure Chemical Industries, Ltd. (Osaka, Japan), and Oriental Yeast Co., Ltd. (Osaka, Japan). DEAE-cellulose was obtained from Nacalai Tesque, BlueCellulofine was from Seikagaku-Kogyo Co., Ltd. (Tokyo, Japan), and Sephadex and cyanogen bromide-Sepharose 48 were from Pharmacia Fine Chemicals (Piscataway, NJ). Chemical reagents were obtained from commercial sources and were of the highest quality available.
RESULTS AND DISCUSSION
About 9 mg of FNR were obtained as a homogeneous state from the large-scale (580 kg) radish root preparation. The yield was about 1 % compared with that obtained from leaves. The flavin extracted from radish root-FNR co-migrated with FAD on the paper chromatography, and the spectral properties of the extracted flavin were similar to those of authentic FAD (data not shown). The recovered FAD per mo1 of FNR was 0.82 and 0.86 mo1 by the cold TCA and the CaC12 extractions, respectively. This indicated that radish root-FNR had 1 mo1 of FAD per mol. This value is consistent with that of its leaf counterpart (Shin, 1971; Carrillo and Vallejos, 1987) .
The number of sulfhydryl groups of root-FNR was determined to be 4.02 -+ 0.02 and 4.52 f 0.20 mol/mol of FNR under nonreducing and reducing conditions, respectively. The figures suggest the absence of a disulfide bond in radish root-FNR molecule as in leaf-FNR, as pointed out by Yao et al. (1985) . Root-FNRs have been purified and characterized from radish and spinach root (Morigasaki et al., 1990a (Morigasaki et al., , 1990b Morigasaki and Wada, 1991) . Their enzymic properties, absorption spectra, and molecular masses did not distinguish them from their leaf counterparts. The results in this paper confirmed the similarity between root-and leaf-FNRs.
For easy detection and distinction of root-FNR and leaf-FNR, specific antisera were prepared against radish root-and leaf-FNR. The antigen specificity of each antiserum was confirmed by immunotitration ( Fig. 1 ) and immunoblot analysis (Fig. 2) using the radish FNR isoenzymes. Figure 1 shows immunotitration of FNRs by each antisera. The antiroot-FNR antiserum effectively inhibited the activity of radish root-FNR, but not that of leaf-FNR. Conversely, the antileaf-FNR antiserum strongly inhibited leaf-FNR. Root-FNR was slightly inhibited by the anti-leaf-FNR antiserum but only when a large amount of the antiserum was added. For reasons that are unclear, both FNR activities were activated by preimmune sera.
The purified and partially purified radish root-and leafFNRs were subjected to immunoblot analysis (Fig. 2 ). Partially purified root-and leaf-FNRs were not recognized clearly (data not shown) on the protein staining gel, but were recognized with the anti-FNR antisera. The anti-root-FNR antiserum made a single clear band in both the purified and partially purified root-FNR samples (Fig. 2 , Anti-Rt.-FNR, lanes 1 and 2). With the partially purified leaf-FNR sample, the anti-leaf-FNR antiserum showed two close and dense bands and a faint band ( et al. , 1983; Wada et al., 1983; Karplus et al., 1984) . However, it is not clear whether proteolysis occurs during the FNR preparation or even in intact cells. The two lower dense and faint bands of the partially purified FNR from leaves were removed during subsequent purification. Often, the anti-root-FNR antiserum reacted weakly with leaf-FNR (Fig. 2 , Anti-Rt.-FNR, lane 4, and Fig. 3 , Anti-Rt.-FNR, lane 2). By contrast, the anti-leaf-FNR antiserum entirely failed to react with root-FNR (Fig. 2 , Anti-Lf.-FNR, lanes 1 and 2, and Fig. 3 , Anti-Lf.-FNR, lane 3).
In the immunotitration, the anti-leaf-FNR antiserum slightly inhibited the root-FNR activity, as shown in Figure IB . Nevertheless, the anti-leaf-FNR antiserum did not react with the root-FNR in the immunoblot analysis. On the other hand, the anti-root-FNR antiserum had no effect on the leaf-FNR activity, although it reacted weakly with the leaf-FNR in the immunoblot analysis. The discrepancy between the immunotitration and the immunoblot analysis is probably the result of the differences between the two immunoreactions.
The immunoblot analysis for FNRs from other higher plants (pea, soybean, maize, and horsetail) was done and the results from pea, soybean, and maize resembled that from radish (data not shown). The immunoblot analysis confirmed a ubiquitous presence of root-type isoenzyme in the flowering plants tested. The root-type FNR and the leaf-type FNR were primarily present in roots and leaves, respectively. Although the leaf type of FNR was detected only in leaves, it is not clear whether the root type of FNR is in leaves as well as in roots because the anti-root-FNR antiserum cross-reacted slightly with the purified radish leaf-FNR (Fig. 3 , Anti-Rt.-FNR, lane 2).
Our radish anti-root-FNR antiserum reacted similarly with FNRs from roots of the other flowering plants tested. The FNRs of roots seem to share common antigenicity with their leaf counterparts. The weak reactivity of the anti-root-FNR antiserum with FNRs of leaves indicates that there are, nonetheless, common antigenic determinant sites between the FNR isoenzymes.
To obtain a prediction of the time when the FNR gene duplicates and differentiates into leaf-and root-FNRs, we investigated the reactions of FNRs from horsetail, liverwort cells, and eukaryotic and prokaryotic algae with two specific antisera. The FNR from horsetail subterranean stems could not be detected with either antisera, but the FNR from horsetail green shoots reacted with both antisera. Dot-blot analysis found that the FNR from subterranean stems reacted weakly with both the anti-root-and the anti-leaf-FNR antisera (Fig. 4, lanes 3) . Also, the FNR from green shoots reacted weakly with both the antisera (Fig. 4, lanes 4) . The subterranean stem FNR was more reactive with the anti-root-FNR antiserum than with the anti-leaf-FNR antiserum and, conversely, the green shoot FNR was more reactive with the anti-leaf-FNR antiserum than with the anti-root-FNR antiserum (Fig. 4) . This result from dot-blot analysis is caused by the obscure distinction between the two forms of FNR by both antisera and/or the presence of the two forms in each organ.
Cultured liverwort cells showed four bands of FNR ( horsetail subterranean stems and green shoots were dotted on lanes 3 and 4, respectively.
are not necessarily regulated tissue specifically in the cultured cells. These results suggest that there are at least two forms of FNR in horsetail and liverwort, and that the origin of the genes for leaf-and root-FNRs traces to the lower vascular plants and even further to the primitive land plants, such as moss. FNR from C. vulgaris reacted with the anti-root-FNR antiserum but did not react with the anti-leaf-FNR antiserum (data not shown). FNR from prokaryoric alga, Spirulina spp., reacted with neither the anti-leaf-FNR antiserum nor the anti-root-FNR antiserum (data not shown). It is very reasonable that among FNRs tested in this paper, Spirulina FNR has a different structure than the radish isoenzymes (Karplus et al., 1984; Yao et al., 1984; Jansen et al., 1988; Newman and Gray, 1988; Michalowski et al., 1989; Fillat et al., 1990) . The results from the immunoblot analysis using the anti-leaf-FNR antiserum were consistent with those from the comparison of the primary structures. Since an antigen-antibody reaction does not necessarily reflect the difference of an entire protein structure, the specificities of the antibodies for both radish root-and leaf-FNRs are likely due to the dissimilar parts of the structures.
From the comparisons of the amino-terminal sequences and the arnino acid compositions of root-and leaf-FNRs from radish and spinach, it was concluded that the root-FNRs were the distinct isoenzymes from the leaf-FNRs (Morigasaki et al., 1990a (Morigasaki et al., , 1990b Morigasaki and Wada, 1991) . With regard to amino-terminal sequence, the root-FNRs resembled each other more than they resembled leaf-FNRs. These findings, including our preliminary results, led us to propose that root-FNR and leaf-FNR are encoded by the different genes in the nuclear genome, and that these two genes are differentially expressed.
It is very interesting that we could detect two and more forms of FNR in the lower vascular plants such as horsetail and liverwort, but not in Chlorella. Dot-blot analysis of the partially purified FNR from these plants using the antiserum specific for isoenzymes appears to be capable of searching for the origin of the root-FNR gene. For a deeper understanding of the organ-specific distribution and the difference between the two FNRs, we need to determine the primary structure of root-FNR and compare it with the structure of the leaf-type FNRs.
